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ABSTRACT
We explore the possibility of detecting hydrogen radio recombination lines from 0 <
z < 10 quasars. We compute the expected Hnα flux densities as a function of absolute
magnitude and redshift by considering (i) the range of observed AGN spectral indices
from UV to X-ray bands, (ii) secondary ionizations from X-ray photons, and (iii)
stimulated emission due to nonthermal radiation. All these effects are important to
determine the line fluxes. We find that the combination of slopes: αX,hard = −1.11,
αX,soft = −0.7, αEUV = −1.3, αUV = −1.7, maximizes the expected flux, fHnα ≈ 10
µJy for z ∼ 7 quasars with MAB = −27 in the n ∼ 50 lines; allowed SED variations
produce variations by a factor of 3 around this value. Secondaries boost the line
intensity by a factor of 2 to 4, while stimulated emission in high-z quasars withMAB ≈
−26 provides an extra boost to RRL flux observed at ν ∼ 1 GHz if recombinations
arise in HII regions with Te ≈ 10
3−5 K, ne ≈ 10
3−5 cm−3. We compute the sensitivity
required for a 5σ detection of Hnα lines using the SKA, finding that the SKA-MID
could detect sources with MAB . −27 (MAB . −26) at z . 8 (z . 3) in less than
100 hrs of observing time. These observations could open new paths to searches for
obscured SMBH progenitors, complementing X-ray, optical/IR and sub-mm surveys.
Key words: Galaxy: formation – quasars: supermassive black holes – emission lines
– HII regions
1 INTRODUCTION
In the last decade tens of quasars at z ∼ 6 have been
discovered through various different surveys, starting from
the seminal work by Fan et al. (2001a, 2001b, 2001c, 2003,
2006a, 2006b), and then continued by Willott and collabo-
rators (2005a, 2005b, 2009, 2010a, 2010b). Nowadays, new
surveys as VIKING and PanSTARRS are discovering even
more distant quasars (Venemans et al. 2013; Ban˜ados et al.
2014). Follow-up observations of emission lines such as the
MgII line have shown that these high-redshift quasars (with
luminosities well in excess of 1047 erg s−1) are powered by
super-massive black holes (SMBHs) rapidly grown up to a
massM• ∼ (0.02−1.1)×10
10M⊙ (Barth et al. 2003; Priddey
et al. 2003; Willott et al. 2003; Willott et al. 2005a; Jiang et
al. 2007; Wang et al. 2010; Mortlock 2011; Wu et al. 2015) in
less than a billion years, depending on a still uncertain ini-
tial black hole seed (Haiman 2004; Shapiro 2005; Volonteri
& Rees 2006; Tanaka & Haiman 2009; Treister 2013; Lupi
et al. 2014; Tanaka 2014).
This evidence raises several problems about the forma-
tion process and growth of these compact objects (Rees
1978; Volonteri 2010; Latif et al. 2013). Several mechanisms
are thought to produce SMBH ancestors, such as the collapse
of the first generation of stars (PopIII stars) (Tegmark et al.
1997; Madau & Rees 2001; Palla et al. 2002; Shapiro 2005),
gas dynamical instabilities (Haehnelt & Rees 1993; Loeb &
Rasio 1994; Eisenstein & Loeb 1995; Bromm & Loeb 2003;
Koushiappas et al. 2004; Begelman et al. 2006; Lodato &
Natarajan 2006), stellar dynamical processes (Begelman &
Rees 1978; Ebisuzaki et al. 2001; Miller & Hamilton 2002;
Portegies Zwart & McMillan 2002; Portegies Zwart et al.
2004; Gu¨rkan et al. 2004, 2006; Freitag et al. 2006a, 2006b)
and even direct collapse from the gas phase (Haehnelt &
Rees 1993; Begelman et al. 2006; Petri et al. 2012; Yue et
al. 2013; Ferrara et al. 2014; Yue et al. 2014; Pallottini et al.
2015).
However, the processes responsible for the growth of ini-
tial black holes are still uncertain, also because the ances-
tors of SMBHs, namely sources with black hole masses of
106−8M⊙ at z > 7, have never been detected so far in spite
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of the enormous progresses produced by deep X-ray and IR
surveys. One possibility hinted by several studies (Yue et
al. 2013), including the most recent one by Comastri et al.
(2015), envisages that, before the quasar mode is on, accret-
ing black holes are enshrouded by a thick cocoon of gas (and
dust) heavily absorbing their optical/X-ray radiation. These
sources would then escape detection by the standard X-ray
surveys.
The transparency of gas and dust to radio, millimetre
and submillimetre photons makes these kind of observa-
tions a promising tool for detecting obscured star forma-
tion, quasars in general, and, in particular, super massive
black holes progenitors at very early epochs (e.g. Spaans &
Meijerink 2008; Gallerani et al. 2012; Gallerani et al. 2014).
Here, we investigate the possibility to detect high-redshift
(z > 7) quasars that might be completely obscured at opti-
cal to X-ray wavelengths by means of hydrogen Radio Re-
combination Lines (RRLs; for a comprehensive review, see
Gordon & Sorochenko 2002). In fact, one advantage of RRLs
is that they are nearly always in the optically thin limit and
therefore see all the gas. The other advantage of using hy-
drogen RRLs concerns with the fact that this method could
work equally well for gas of primordial composition, as it re-
lies only on the presence of hydrogen rather than lines from
heavy elements.
Hydrogen RRLs represent a special class of spectral lines
arising in HII regions from transitions between highly ex-
cited hydrogen levels (quantum numbers n > 27) and ap-
pearing in the radio regime (rest frame frequencies νe < 300
GHz); Hnα lines are the strongest hydrogen RRLs, i.e. those
due to n+1→ n transitions. Also note that RRLs have the
significant advantage that the principal quantum number
of a line detectable at a fixed observed frequency decreases
with increasing redshift. Given that the RRL flux density
is proportional to (1 + z)(dL(z))
−2n−2.72 (Rule et al. 2013,
hereafter R13), this effect partially compensates the increase
of the luminosity distance dL with redshift.
The search for RRLs from obscured quasars will become
feasible in the near future with the SKA (Square Kilometre
Array) telescope, thanks to its revolutionary capabilities in
terms of frequency range, angular resolution and sensitivity
(for SKA science and technical specifications, see: Morganti
et al. 2014; SKA-SCI-LVL-001, 20151). In particular, the
SKA-MID (0.35–14 GHz) frequency coverage will allow us
to search for Hnα (35 < n < 210) lines from sources at 1 <
z < 10. For all these reasons, in principle, the detectability
of high-z obscured quasars through RRLs could allow us to
directly monitor the birth and growth of the earliest quasars
during the first cosmic billion years.
The paper is organized as follows. In Sec. 2, we derive
the RRL flux density expected from quasars, including sec-
ondary ionizations from X-ray photons. In Sec. 3, we test
our model against available RRL observations. In Sec. 4, we
analyse the contribution of the stimulated emission due to
a nonthermal background source to the quasar RRL flux.
In Sec. 5, we discuss the prospects for detecting obscured
quasars through the SKA. In Sec. 6 we discuss the main
conclusions of our work.
1 http://astronomers.skatelescope.org/wp-
content/uploads/2015/08/SKA-SCI-LVL-001W.pdf
Figure 1. Hydrogen RRL observed frequencies (in GHz) as a
function of redshift. Blue curves correspond to quantum numbers
from n = 34 to n = 54, and red lines correspond to n = 35,
n = 45, n = 55, n = 100 and n = 150. The lines with n = 56 to
149 are not shown for the sake of clarity. The grey region shows
the frequency range covered by SKA-MID (0.35–14 GHz).
2 RRLs FROM QUASARS
The observed frequencies of Hnα lines are given by the
following equation:
νobs(ze, n) =
cRH
1 + ze
[
1
n2
−
1
(n+ 1)2
]
, (1)
where ze is the redshift at which the line is emitted, c is
the speed of light, RH = 1.0968 × 10
5 cm−1 is the Rydberg
number for hydrogen, and n is the principal quantum num-
ber. In Fig. 1, we show the observed line frequencies as a
function of redshift for different values of n; the frequency
range covered by SKA-MID is shown through a grey shaded
region.
The flux density at the center of Hnα lines (fHnα) can
be written as (R13)
fHnα ≈ 3.25n
−2.72N˙γ (1− f
912
esc )
hc
δv
(1 + ze)
4pid2L
, (2)
where dL is the luminosity distance of an emitting source
at redshift ze, δv is the width of the line in velocity units,
h is the Planck constant, and f912esc is the escape fraction
of ionizing photons. Since we want to test the possibility
of detecting optically obscured quasars through RRLs, we
assume that all the ionizing photons remain trapped into
a dense, fully neutral, surrounding medium, namely f912esc =
0. We note that Eq. (2) is valid for α-transitions within
the interval n = 3 − 29 (Hummer & Storey 1987), with
an accuracy of a few percent for any value of the electron
density ne (R13). We assume that this equation can be used
even for higher values of n.
Finally, the production rate of ionizing photons N˙γ is
given by
N˙γ =
∫ +∞
νLL
Lν
hν
dν, (3)
where νLL is the Lyman limit frequency (hνLL = 13.6 eV)
and Lν is the luminosity per unit frequency. Substituting
c© 2015 RAS, MNRAS 000, ??–??
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Figure 2. Schematic plot of the quasar SED, referring to our
“fiducial” case with αX,hard = −1.11, αX,soft = −0.7, αEUV =
−0.7, αUV = −1.7. Blue points represents measurements of the
quasar NGC 1068. The upper x-axis shows the extreme energy
values of each band.
the usual relations:
Lν = 4pid
2
Lfν ; λfλ = νfν , (4)
we can rewrite eq. (3) as
N˙γ =
4pi
hc
∫ λLL
0
d2L(z)λfλdλ, (5)
where λLL = c/νLL = 911.8 A˚. This equation clearly shows
that N˙γ (and therefore fHnα) depends on the Spectral En-
ergy Distribution (SED) of the ionizing source.
2.1 Quasar SED
We parametrize the emitted quasar flux per unit wave-
length as fλ ∝ λ
α, where the spectral index α depends on
the wavelength range. We adopt the following observation-
ally constrained α values in different energy bands:
• αX,hard = −1.11± 0.11 for the hard X-ray band (2500–
12000 eV, Piconcelli et al. 2005);
• −0.7 < αX,soft < 0.3 for the soft X-ray band (250–2000
eV, Fiore et al. 1994);
• αEUV = −0.7
+0.8
−0.6 for the EUV band (12–200 eV,
Wyithe & Bolton 2011);
• αUV = −1.7
+1.5
−0.9 for the UV band (5.5–11.8 eV, Re-
ichard et al. 2003).
Fig. 2 presents the quasar SED obtained in our “fidu-
cial” case, given by the following combinations of slopes:
αX,hard = −1.11, αX,soft = −0.7, αEUV = −0.7, αUV =
−1.7. The blue points represent the photometric data of
the quasar NGC 1068 (from NASA/IPAC Extragalactic
Database (NED)). This example show how our adopted
spectral indices, once compared with the observations,
well reproduce real measurements of AGN spectra. After-
wards, we will also consider the case in which αX,hard =
−1.11, αX,soft = −0.7, αEUV = −1.3, αUV = −1.7, which we
call “extreme” model.
Figure 3. Upper: ionization rate in units of 1057 s−1 versus
αEUV, with fixed values αX,hard = −1.11, αX,soft = −0.7,
αUV = −1.7, for a quasar magnitude M
1500
AB = −27. The ver-
tical lines indicate the best value (solid) and the 2σ C.L. val-
ues (dotted) of αEUV. Lower: contour plot of the boost due to
secondary ionizations as a function of αX,soft and αEUV, with
αX,hard = −1.11 and αUV = −1.7. Contours correspond to
N˙secQ /N˙Q = 1, 2, 3, 4, 5. In both panels, the ‘excluded’ regions
(in grey) are the ones in which the constraint −2 < αox < −0.5
does not hold.
We compute the production rate of ionizing photons in
quasars (N˙Q) by substituting the SED in eq. (5):
N˙Q =
4pid2L(z)
hc
f1500
[
fX,hard
∫ λ2 keV
λmin
λ
(
λ
λ2 keV
)αX,hard
dλ
+ fX,soft
∫ λ0.25 keV
λ2 keV
λ
(
λ
λ0.25 keV
)αX,soft
dλ
+ fEUV
∫ λLL
λ0.25keV
λ
(
λ
1050 A˚
)αEUV
dλ
]
. (6)
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Here λmin = hc/Emax (Emax = 10 keV), fX,hard, fX,soft and
fEUV are normalization factors required to match the flux
densities between different bands of the spectrum and f1500
is the flux density at 1500 A˚, related to the AB magnitude
(M1500AB ) through the following relation (R13)
f1500 =
c
λ2
10−(M
1500
AB +5 log10 dL(z)+43.6)/2.5. (7)
The UV spectral index, αUV, enters in eq. (6) through the
normalization fEUV.
While varying the spectral indices in the different en-
ergy bands in the allowed intervals, we compute the spectral
hardness between the UV and X-ray bands (Tananbaum et
al. 1979) defined as
αox = 0.3838 log[L2 keV/L2500 A˚], (8)
where L2 keV and L2500 A˚ are the monochromatic luminosi-
ties at 2 keV and 2500 A˚, respectively. Observations allow us
to constrain this parameter in the range −2 < αox < −0.5
(Wu et al. 2012).
We find that N˙Q strongly depends on the assumed value
of αEUV (while being completely independent on αX and
αUV), varying between 10
57 < N˙Q/ s
−1 < 14 × 1057 for
1 > αEUV > −2, as shown in the top panel of Fig. 3, where
we fix M1500AB = −27. The grey region represents the αEUV
values excluded by the αOX constraints. The vertical lines
shown in the figure correspond to the αEUV best value (solid)
and to the 2σ confidence level (C.L.) values (dotted).
2.2 Secondary ionizations
Since quasars are particularly bright in the X-ray wave-
length range, the contribution of secondary ionizations from
fast electrons should be taken into account in the estimate of
N˙Q. In fact, a non negligible fraction fi of the energy of these
electrons (Ee = h(ν − νLL)) released by photo-ionization,
is expected to cause additional (i.e. secondary) ionizations
from collisions on the neutral component. The efficiency of
the secondaries is then a function of both the electron en-
ergy and the ionized fraction of the gas xe. According to
the model presented by Valde´s & Ferrara (2008) (see also
Furlanetto & Stoever 2010; Evoli et al. 2012), in a cosmo-
logical pristine gas, the relation between fi and xe can be
written as2
fi = 0.3846(1.0 − x
0.5420
e )
1.1952. (9)
We compute the production rate of ionizing photons in-
cluding secondary ionizations (N˙ secQ ) by replacing each fac-
tor λfλ in eq. (5) with λfλ
(
1 + hc
13.6eVλ
fi
)
. In particular,
since we want to compute the effect of secondary ioniza-
tions in the fully neutral medium surrounding the HII re-
gion, we assume xe ∼ 0. As the secondaries deriving from
photo-ionization have a spectral energy distribution, we ac-
count for the dependence fi(Ee) by considering the relation
fi = 4.94 arctanEe−7.37 for xe ∼ 0, obtained by fitting the
corresponding curve in Fig. 2 from Furlanetto & Stoever
(2010).
We quantify the boost of the Hnα line flux density due
to secondary ionizations through the ratio N˙ secQ /N˙Q. In the
2 We assume an initial energy of the primary electron in the range
3-10 keV.
Figure 4. Logarithm of [fHnαn
2.72d2Lδv/(1 + z)] as a function
of M1500AB . The observational data of RRL flux densities from ex-
tragalactic sources at 0.000811 < z < 0.158 with the relative
error bars (see Table 1) are plotted with different colors and sym-
bols: magenta circles represent Seyfert galaxies, red diamonds
denote starburst galaxies and purple squares are AGNs (filled
and empty are respectively H90α/H92α and H53α line observa-
tions). The arrow indicates that 3C 273 has an upper limit flux
only. For comparison, the lines representing the theoretical fluxes
predicted for galaxies from R13 (cyan dotted) and for quasars
without (dot-dashed blue, for the “fiducial” case) and with the
inclusion of secondary ionizations with xe = 0 (solid and dashed
blue lines, corresponding to our “fiducial” and “extreme” model
respectively) are also shown.
bottom panel of Fig. 3, we plot this quantity as a function of
αX,soft and αEUV. Since N˙
sec
Q /N˙Q is only slightly dependent
on αX,hard and αUV, we fix these slopes to their best-values
(αX,hard = −1.11, αUV = −1.7). As in the top panel, the
grey areas represent regions of the parameter space that are
excluded by the αOX constraints.
We find that N˙ secQ /N˙Q = 2.2 in the “fiducial” case and
N˙ secQ /N˙Q = 3.7 in the “extreme” one. Once compared with
the production rate of ionizing photons for galaxies, it turns
out that N˙Q (N˙
sec
Q ) is greater than N˙G by a factor of 2 (4) to
4 (13), in our “fiducial” and “extreme” model respectively.
ForM1500AB = −25, we find log N˙G = 56.33 for galaxies, while
for quasars we have log N˙Q = 56.60 and log N˙Q = 56.88 in
the “fiducial” and “extreme” case respectively.
3 TEST WITH LOCAL SOURCES
To test the model described above, we compare its pre-
dictions with observations of radio recombination lines from
a sample of extragalactic sources (starburst galaxies, Seyfert
galaxies and AGNs, listed in Table 1) at z ∼ 0 (Allen et al.
1968; Anantharamaiah et al. 1993, 1996, 1997, 2000; Das et
al. 2001; Kepley et al. 2011; Mohan et al. 2001, 2002, 2005;
c© 2015 RAS, MNRAS 000, ??–??
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Table 1. Local extragalactic sources with the observed line parameters and relative references.
source z m1500AB n FWHM (km s
−1) Fpeak (mJy) source type references
ARP 220 0.0018 18.57 92 363± 45 0.6± 0.1 2 merging AGNs (a)
ARP 220 0.0018 18.57 53 230± 20 16± 2 (b)
NGC 3628 0.002812 14.23 92 170± 70 1.4± 0.09 starburst (c),(d)
IC 694 0.013200 15.28 92 350 ± 110 0.47± 0.10 starburst (c),(d)
NGC 1365 0.005457 11.99 92 310 ± 110 0.99± 0.10 Seyfert (c)
NGC 5253 0.001358 12.64 92 95 ± 10 0.53 starburst (e)
NGC 660 0.002835 15.20 92 377 0.5 starburst (f)
NGC 3256 0.009354 16.44 92 114± 60 0.56± 0.32 starburst (g)
NGC 1808 0.003319 14.68 92 339± 75 0.47± 0.08 Seyfert (h)
M 83 0.001711 10.62 92 95 ± 30 0.8± 0.15 starburst (i)
NGC 2146 0.002979 15.58 92 200± 95 0.36± 0.09 starburst (i)
NGC 253 0.000811 11.47 92 190± 10 9.0± 0.5 starburst (j)
NGC 1068 0.003793 12.79 53 200 ± 100 37.3± 12.9 AGN (k)
3C 273 0.158 13.85 90 – < 200 AGN (l)
(a) Anantharamaiah et al. 2000; (b) Rodr´ıguez-Rico et al. 2005; (c) Anantharamaiah et al. 1993; (d) Zhao et al. 1997; (e) Mohan et al.
2001; (f) Phookun et al. 1998; (g) Roy et al. 2005; (h) Roy et al. 2008; (i) Zhao et al. 1996; (j) Anantharamaiah & Goss 1996, 1997; Das
et al. 2001; Kepley et al. 2011; Mohan et al. 2002; Mohan et al. 2005; (k) Puxley et al. 1991; (l) Allen et al. 1968
Phookun et al. 1998; Puxley et al. 1991; Rodr´ıguez-Rico et
al. 2005; Roy et al. 2005, 2008; Zhao et al. 1996, 1997). In this
sample there are two AGNs, NGC 1068 and 3C 273 (the lat-
ter has an upper limit flux only). In addition, recent results
(Paggi et al. 2013) strongly suggest that Arp 220 also hosts
two merging, deeply buried AGNs, whose bolometric lumi-
nosity is likely in the range 2×1042 erg s−1 and 5.2×1043 erg
s−1 for the eastern and western nuclei, respectively. Finally
note that NGC 1068 and Arp 220 are radio-quiet quasars
(RQQs) while 3C 273 is a radio-loud source (RLQ).
In this context, the distinction between RQQs and RLQs
is important due to the fact that in radio-loud quasars, the
presence of a strong radio continuum emission makes pos-
sible the detection of RRLs out to greater distances with
respect to RQQs, thanks to the stimulation of their line flux
densities (see Section 4 for the details).
For each source of the previous sample but NGC 1068
and 3C 273 we extract the observed line parameters of the
H92α line (νrest = 8309.383 MHz). In the case of Arp 220
(besides the H92α detection) and NGC 1068 we have ob-
servations of the H53α line (νrest = 42951.97 MHz) and we
use the observed values. Furthermore, a search for the H90α
line (νrest = 8872.569 MHz) in the emission spectrum of 3C
273 has led to an upper limit only in the detected signal.
More specifically, we collect the data relative to the quan-
tum number (n = 92 for all the sources except NGC 1068
and 3C 273, n = 53 for NGC 1068, both for Arp 220, and
n = 90 for 3C 273), the line width in km s−1 and the peak
line flux density in mJy. The redshift z (thus the luminosity
distance) and the apparent magnitude mAB at 1500 A˚ of
each source are taken instead from the NED website.
Fig. 4 shows, for this compilation of data, the logarithm
of [fHnαn
2.72d2Lδv/(1 + z)] versus M
1500
AB , with different col-
ors and symbols according to the different class of sources
(the downward arrow indicates that the line flux density
of 3C 273 is an upper limit). In this figure, we also plot
our theoretical predictions: the blue solid line indicates our
“fiducial” case, the blue dashed line the “extreme”, and the
blue dot-dashed line the “fiducial” case without taking into
account secondary ionizations. The cyan dotted line repre-
sents predictions for the case of low-metallicity (Z < 10−5)
galaxies without AGN. For these sources, we compute fHnα
according to the R13 formalism:
fHnα ≈ 1.2× 10
−7n−2.7210−0.4M
1500
AB (1 + z)
×
(
dL
105 Mpc
)−2(
δv
100 km s−1
)−1
(1− f912esc ) µJy.
(10)
In this case, N˙G = (2.2 × 10
−11) × 10−0.4M
1500
AB . Eq. (10) is
obtained from eq. (2) by using empirical relations between
the star formation rate (SFR) and the 1500 A˚ luminosity
(Mun˜oz & Loeb 2011), and between the SFR and N˙912 (Ta-
ble 4 from Schaerer 2003).
While the R13 model is better suited for comparison
with starburst galaxies (red filled diamonds), our predictions
should be compared with Seyfert and AGN data (magenta
circles and purple squares). We note that the R13 model
underpredicts by more than one order of magnitude the ob-
served flux for most of the sources (all but two). Although
the fHnα values predicted by us are ∼ 10 times higher than
the R13 ones, we still can not reproduce the observations of
local AGNs. This means that very likely we are neglecting
further important contributions to the RRL emission.
4 RADIO STIMULATED EMISSION
Up to now, we have considered only spontaneous emis-
sion in radio-quiet quasars. However, radio recombination
lines may arise from a combination of spontaneous and stim-
ulated emission (e.g. Bell & Seaquist 1977). In fact, in radio-
loud quasars, the strong radio continuum radiation may
stimulate the RRL emission thus boosting their flux (Shaver
1978; Shaver et al. 1978). Therefore, in RLQs the RRL flux
density is expected to be higher than what we found through
our calculations. For this reason, RLQs are in principle de-
tectable out to greater distances with respect to RQQs.
c© 2015 RAS, MNRAS 000, ??–??
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z = 0; S0 = 10 mJy. z = 6; S0 = 0.01 mJy.
Figure 5. Contour plots of the logarithm of the ratio X between stimulated and spontaneous emission as a function of the temperature
Te and the density ne of the HII region, for RRLs of quantum numbers observable at z = 0 (left panel) and z = 6 (right panel), with
a continuum flux density S0 = 10 mJy and S0 = 0.01 mJy respectively. Black solid contours are traced for the minimum SKA-MID
frequency, νmin = 0.35 GHz, and correspond to quantum numbers n = 265 (left) and n = 139 (right), while red dashed contours are
for RRLs detectable in correspondence of the maximum SKA-MID frequency, νmax = 14 GHz, with quantum numbers n = 77 (left)
and n = 40 (right). The model adopted is our “fiducial” case with the inclusion of secondary ionizations, for quasars with magnitude
M1500AB = −26.
In this section, we quantify the relative contribution of
the stimulated emission due to a nonthermal background
source with respect to the spontaneous emission, in order
to understand what are the conditions under which such
mechanism can become significant in boosting the quasar
RRL flux.
To this purpose, we take advantage of the formalism in-
troduced by Shaver (1978). According to equation (1) of this
work, the ratio X between the stimulated f stimHnα and sponta-
neous emission f spontHnα can be written as follows:
X =
f stimHnα
f spontHnα
=
c2S0
2kBν2obsΩTe
× F , (11)
where kB = 1.38× 10
−16 erg/K is the Boltzmann constant,
νobs = ν/(1+ z) is the observed frequency of the transition,
Te is the electron temperature, Ω = (l/d)
2 is the solid an-
gle subtended by the HII region, l is the total path length
through the ionized gas and d is the proper distance to
the source, related to the luminosity distance dL through
d = dL/(1 + z)
2, S0 is the continuum flux density of the
background radio source, and F is
F =
[
e−τC |e−τL − 1|(
bmτ
∗
L
+τC
τL+τC
)
(1− e−(τL+τC))− (1− e−τC )
]
. (12)
In eq. (12), bm is the departure coefficient which relates the
population of the atomic energy level m = n+1 (for α-lines)
to its value in local thermodynamic equilibrium (LTE), τC is
the continuum optical depth and τL = bnβnτ
∗
L is the central
line optical depth, where:
βn ≡ 1−
kTe
hν
∆b
bn
. (13)
The optical depths τC and τ
∗
L can be written as
τC =
0.03014n2e lf
ν2obsT
3/2
e
[1.5 lnTe − ln(20.2νobs)] (14)
and3
τ∗L =
575n2elf
νobs∆VobsT
5/2
e
xHIIe
1.58×105
n2Te . (15)
Here ∆Vobs (km/s) is the observed FWHM of the line
(∆Vobs = ∆V/(1 + z)), ne (cm
−3) is the electron density,
f(= Vgas/Vtotal) is the volume filling factor, xHII is the ion-
ized fraction of the gas and n is the principal quantum num-
ber. Now, since l = 2RHII, where R
3
HII = 3N˙γ/(4piα(T )n
2
e)
is the Stromgren radius, eq. (11) becomes:
X =
3.10 × 10−34c2α(T )2/3
kBν2N˙
2/3
57
(
n
4/3
e S0
Te
)
dL(z)
2
(1 + z)2
× F , (16)
3 The expression for τ∗L assumes that the profile width is due to
pure Doppler broadening.
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Table 2. Quantum numbers of radio recombination lines de-
tectable at z = 0 and z = 6 in correspondence of the two extreme
SKA-MID frequencies.
νobs(GHz) n(z = 0) n(z = 6)
0.35 265 139
14 77 40
where α (cm3 s−1) is the recombination rate, N˙57 (s
−1)
is the rate of production of ionizing photons in units of
1057, and the units of ν, dL and S0 are GHz, Mpc and mJy
respectively4.
Following the formalism presented by Shaver (1975), the
interstellar medium can be classified according to three main
categories: HII regions (10 < ne/cm
−3 < 104; 2.5 × 103 <
Te/K < 10
4), diffuse intercloud components (ne ∼ 5× 10
−2
cm−3; Te ∼ 10
3 K) and cold cloud components (ne ∼
5 × 10−2cm−3; Te ∼ 20 K). With the aim of bracketing
the physical properties of the ISM, in this work, we consider
only two extreme cases: (ne > 10
3 cm−3; Te ≈ 10
4 K) and
(10−2 < ne/cm
−3 < 1; 102 < Te/K < 10
3), hereafter re-
ferred to as HII regions and diffuse interclouds, respectively.
In the case of HII regions, we assume LTE (bn = 1, βn = 1)
and we compute the X factor for RRLs of quantum num-
bers detectable at z = 0 and z = 6 in correspondence of
two reference SKA frequencies, i.e. the minimum and max-
imum observable with SKA-MID, as shown in Table 2. We
can verify that in the LTE case, F= 1.
In Figure 5 we show, at z = 0 (left panel) and z = 6
(right panel), contour plots of the logarithm of the X factor
for these particular RRLs as a function of Te and ne in
the intervals (103 < Te/K < 10
5) and (103 < ne/cm
−3 <
105), for a radio continuum flux density5 S0 = 10 mJy and
S0 = 0.01 mJy respectively. Black solid contours are for
RRLs detectable in correspondence of νmin = 0.35 GHz,
while red dashed contours correspond to νmax = 14 GHz. We
consider our “fiducial” case for quasars including secondary
ionizations from X-ray photons, in which N˙57 = (8.76 ×
10−11)× 10−0.4M
1500
AB , and we assume sources with M1500AB =
−26.
We find that, at z = 0 the logarithm of the X factor is
in the interval [−6, 1], being greater than zero in the cases
of very high-n (i.e. n = 265). This means that, except for
these cases, the spontaneous emission dominates over the
stimulated one for local sources. At z = 6 instead, we find
−4 < logX < 3, being negative for very small quantum
numbers. Thus, in all the situations but these, the stimu-
lated radio flux due to the nonthermal continuum radiation
can give a significant contribution to the total RRL flux
density of the quasar at z = 6. As a further comment, we
notice that the X factor is linearly proportional to S0, thus
if S0 reduces by a certain factor the stimulated contribution
with respect to the spontaneous emission also reduces by the
same amount.
In the case of diffuse interclouds, we cannot assume LTE.
4 Here kB is in units of erg/K and c is in cm/s.
5 Radio-quiet quasars at z ∼ 6 have typical radio fluxes of the
order of . tens of µJy (Wang et al. 2008).
Figure 6. Logarithm of the X factor for radio recombination lines
of quantum numbers n detectable at z = 0 (triangles) and z = 6
(squares) in correspondence of two SKA frequencies, ν = 0.4 GHz
and ν = 7.3 GHz. The curves are plotted for two values of electron
temperature: Te = 102 K (blue) and Te = 103 K (black), and two
values of electron density: ne = 10−2 cm−3 (dashed) and ne = 1
cm−3 (solid), both at z = 0 and z = 6. Our calculations assume
S0 = 103 mJy, ∆V = 100 km s−1 and our “fiducial” case with
secondary ionizations for a quasar magnitude M1500AB = −26.
In this case, we use the bn and βn tabulated values as com-
puted by Salem & Brocklehurst (1979) for a nonthermal
background source.
Furthermore, assuming the cloud is spherically symmet-
ric (f = 1) and the gas inside this region is fully ionized
(xHII = 1), we rewrite τC and τ
∗
L as follows:
τC =
0.12n
4/3
e N˙
1/3
57
ν2T
3/2
e α(T )1/3
[
1.5 lnTe− ln
(
20.2ν
1 + z
)]
(1+ z)2 (17)
and
τ∗L =
2.31 × 103n
4/3
e N˙
1/3
57
ν∆V T
5/2
e α(T )1/3
e
1.58×105
n2Te (1 + z)2. (18)
In Figure 6 we show the logarithm of the X factor for
non-LTE cases for Hnα lines as a function of the quantum
numbers n = 95, 260 at z = 0 and n = 50, 135 at z = 6. We
make the calculation in the case of quasars with M1500AB =
−26 in our “fiducial” case including secondary ionizations,
and assuming S0 = 10
3 mJy and ∆V = 100 km s−1. We plot
the results for two values of electron temperature: Te = 10
2
K (blue curves) and Te = 10
3 K (black curves), and two
values of electron density: ne = 10
−2 cm−3 (dashed) and
ne = 1 cm
−3 (solid) , both at z = 0 and z = 6.
We note that at z = 0, log(X) is between 4 and 5 orders
of magnitude lower than the corresponding ratio (with the
same Te and ne) at z = 0. Also, at a fixed density, log(X)
takes greater values for lower temperatures, while, at fixed
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Figure 7. Logarithm of the 5σ sensitivity (in µJy) as a function
of redshift (1 ≤ z ≤ 10) for different values of the quasar absolute
magnitude (−27 ≤M1500AB ≤ −23). The calculations are done for
the maximum frequency observable with SKA-MID, νmax = 14
GHz. The solid and dashed curves correspond to our “fiducial”
and “extreme” model respectively, with the inclusion of the stim-
ulated contribution from a nonthermal radio source, using the
mean value of log(X) obtained for S0 = 10 µJy at this frequency.
The horizontal black lines represent the 5σ “threshold” sensitiv-
ities reached by SKA-MID at the corresponding frequency, with
an integration time of 10, 100 and 1000 hours. In addition, the
upper x-axis indicates the values of the quantum numbers n of
the lines detectable at each z, corresponding to νmax. The Hnα
line intensity decreases with decreasing frequency.
Te, it increases with increasing ne; in all the cases, the ra-
tio between the stimulated and spontaneous flux density in-
creases with increasing n, more rapidly at z = 6 with respect
to z = 0. We can conclude that, in the situation with low
densities and low temperatures, the nonthermal stimulated
emission dominates over the spontaneous emission only at
z = 6 and with ne & 1 cm
−3, for RRLs of quantum numbers
n & 70. Indeed, the contribution of the nonthermal radiation
field becomes more important at the higher energy levels (or
lower frequencies), with a more rapid increasing of log(X)
for Te = 10
2 K (log(X) ≈ 3.5 for n = 135) with respect to
the case of Te = 10
3 K (log(X) ≈ 1.5 for n = 135).
5 DETECTING (OBSCURED) QUASARS
Given the model outlined in Sec. 2 and taking into ac-
count the stimulated emission due to a nonthermal back-
ground source, we estimate the expected Hnα line flux
density arising from quasars of different AB magnitudes
(−27 ≤ M1500AB ≤ −23) and redshifts (1 ≤ z ≤ 10), both in
the “fiducial” and “extreme” case6, and we compute the sen-
sitivity (σ = fHnα/5) required to detect Hnα lines with 5σ
6 We assume δv = 100 km s−1 in these calculations.
significance at all considered redshifts and AB magnitudes.
The total (spontaneous + stimulated) RRL flux density is
f totHnα = fHnα(1 +X), (19)
where fHnα includes only the spontaneous emission from
quasars, and X is the ratio between stimulated and sponta-
neous flux density from eq. (16). In our calculations, we use
the mean value of logX obtained for RRLs observable in
correspondence of the maximum frequency observable with
SKA-MID, νmax = 14 GHz, for a radio continnum flux
7
S0 = 10 µJy.
The results are shown in Fig. 7, for the concerned ranges
of magnitude and redshift, in the “fiducial” (solid curves)
and “extreme” (dashed curves) case.
In this figure we also plot, through horizontal black lines, the
5σ SKA sensitivity (5σSKA) that is expected to be reached
in t = 10, 100 and 1000 hours of SKA-MID observing time
at the corresponding frequency. We adopt the usual formula:
σSKA = σ0
√
t0
t
∆v0
∆v
, (20)
where σ0 = 63 µJy is the sensitivity obtained over a channel
∆ν0 = 100 kHz in t0 = 1 hr of SKA-MID integration time
(SKA-SCI-LVL-001, 2015), ∆v0 = c∆ν0/ν0, ∆v = 100 km
s−1 and ν0 = νmax.
Considering that: a) fHnα increases with increasing fre-
quency, and b) the stimulated contribution increases (i.e. X
increases) with decreasing frequency, at ν = νmax we are
maximizing the expected Hnα flux but we are minimizing
the stimulated emission.
From the figure, we can see that at νmax = 14 GHz, and
according to our “fiducial” model, SKA-MID could detect
sources with MAB < −26 (MAB < −25) at all redshifts (at
z . 3) in 1000 hrs of integration time. In the “extreme” case,
quasars up to MAB = −25 (MAB = −24) at all redshifts
(at z . 4) would be detected in the same (large) amount
of observing time. In 100 hrs of observing time, SKA-MID
would detect sources with MAB < −27 (MAB < −26) at
z . 8 (z . 2.5) in our “fiducial” case, and sources with
MAB < −26 (MAB < −25) at all redshifts (at z . 3) in the
“extreme” case.
As stated in Sec. 3, our predicted flux densities are ∼ 2
orders of magnitude below the observed fluxes of local AGNs
(Figure 4). This means that, if some relevant contribution
to the RRL emission is still missing, then the integration
time would go down by a factor > 10, making RRLs from
quasars much more detectable.
Furthermore, Fig. 7 shows that moving from z ∼ 1 to z ∼
10, the sensitivity required for detecting quasars through
RRLs changes only by a factor of 10. To understand this
trend in z, and since fHnα ∝ (1+z)d
−2
L n
−2.72 we also express
n and dL as a function of redshift. For a flat universe (1 −
Ωm − ΩΛ = 0), dL is
dL(z) =
c
H0
(1 + z)
∫ z
0
dz′
[Ωm(1 + z′)3 + ΩΛ]1/2
, (21)
where H0 is the Hubble parameter, and Ωm and ΩΛ are
7 The assumption S0 = 10 µJy underestimates the contribution
of the stimulated emission in low-redshift quasars, whose observed
radio fluxes are typically higher.
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the total matter density and the dark energy density in the
units of critical density, respectively. At high redshift, by
neglecting ΩΛ, we obtain that dL ∝ (1 + z). The quantum
number n can be written in terms of z by using eq. (1)
and making some approximations for high n: the resulting
relation is
n ≈
(
2cRH
νobs(1 + z)
)1/3
. (22)
We finally get fHnα ∝ (1+ z)
−0.1, an expression that repro-
duces the slow decrease of σ with increasing redshift.
The optimal strategy to detect RRLs from quasars de-
pends on the nature of the source itself. As discussed above,
the two factors which play a role in determining the to-
tal flux f totHnα are the spontaneous term (f
spont
Hnα ∝ ν
0.9
obs) and
the stimulated one (f stimHnα ∝ ν
−1
obs). This means that, in the
case of a radio-quiet source (f stimHnα << f
spont
Hnα ), high frequen-
cies (e.g. νobs ∼ 14 GHz in the case of SKA-MID) optimize
the chance of RRLs detection. Viceversa, in the case of a
radio-loud source it is better to look for RRLs by means of
low-frequency receivers (e.g. νobs ∼ 1 GHz in the case of
SKA-MID).
6 SUMMARY AND DISCUSSION
We have examined the feasibility of detecting obscured
quasars at radio frequencies, through their hydrogen RRL
emission. To this purpose, we have developed a model for
estimating the expected flux densities of Hnα lines from
quasars, including secondary ionizations from X-ray pho-
tons.
By comparing our results with observations of RRLs in
local quasars, we have found that our predictions are in good
agreement with the observed RRLs strengths. Our predicted
fluxes are, however, still below the observed line fluxes for
local AGNs by a factor of a few orders of magnitude, sug-
gesting that some additional mechanism is at work to am-
plify line fluxes. We have shown that, under some specific
conditions, the contribution of stimulated emission due to
a nonthermal radio source may be relevant in boosting the
flux densities from quasars, thus making possible the detec-
tion of RRLs out to very large distances. Additionally, we
have explored the potential of the SKA in detecting quasars
at very high redshift (z > 7). We have found that, tak-
ing into account the stimulated contribution, at a frequency
ν = 14 GHz, the SKA-MID telescope would be able to detect
sources with MAB . −27 (MAB . −26) at z . 8 (z . 3) in
less than 100 hrs of integration time.
We point out that, if we study the possible detectabil-
ity of radio recombination lines based on the observed flux
densities in local AGNs, which are brighter than our pre-
dictions by ∼ 2 orders of magnitudes, then the required
observing time would reduce by a factor > 10, thus making
RRLs from quasars more easily detectable.
Given our predictions, the proposed survey could be car-
ried out as a piggyback of proposed deep HI surveys with
SKA-MID (Blyth et al. 2015).
It must be noticed that we are maximizing the expected
Hnα flux through our assumptions f912esc = 0 in eq. (2) and
xe = 0 in eq. (9). By assuming that ionizing photons can not
escape from the galaxy, being trapped into the dense ISM
of the quasar host galaxy, we are maximizing the number of
ionizations (and consequent recombinations) in HII regions.
Moreover, by considering the case of an almost complete
neutral gas, we are maximizing the amount of free-electrons
energy that can be used to produce secondary ionizations.
We remark here that the possibility of detecting RRLs
even at high redshift is due to an important property of these
lines, concerning with the fact that their principal quantum
number decreases with increasing redshift (see Section 1 and
Figure 1).
Furthermore, we have obtained a relation between the
quantum number of a RRL detectable at a given z in corre-
spondence of some observed frequency: n ≈ (2cRH/[νobs(1+
z)])1/3, valid for high n. This explains the slow decrease of
the Hnα line flux density with increasing redshift (fHnα ∝
(1 + z)−0.1).
Also, it is worthwhile to mention a recent result from
Ban˜ados et al. (2015), showing that the fraction of radio-
loud quasars (i.e. RLF = 6%−19%) does not vary with red-
shift, in contrast to what previously found by some studies
at lower redshifts (e.g. Jiang et al. 2007; Kratzer & Richards
2014).
Our results for the line flux densities must be still consid-
ered as preliminary. More detailed radiative transfer compu-
tations of UV/Xray photons performed on realistic density
field are necessary to draw firmer conclusions. We aim at
presenting these improved results in a future work, where
we plan to use the state-of-the-art RT code CRASH in its
latest version (CRASH4, Graziani et al. in prep). The ratio
between the intensity of the He++ and H+ lines is expected
to be a good diagnostic of the hardness of the ionizing spec-
trum, thus providing a clear discriminant between AGN and
starburst activity. The advantage of this technique is that
both lines can be detected contemporarily with a bandwidth
of 10 GHz (Scoville & Murchikova 2013). We will investigate
how this ratio varies for different slopes of the quasar spec-
trum and for different values of the ionization fraction of the
gas. Since this technique can be applied also in the millime-
tre domain, the proposed scientific case can be, on longer
time scales, a driver for the synergy between the SKA and
ALMA.
Finally, we also plan to study the redshift evolution of
the UV luminosity function, by fitting the most updated
observational data at 0 < z < 7, and theoretically extending
it beyond z = 7. This will allow to make detailed predictions
of the expected QSO number counts for a single observation
with SKA-MID (FoV = 0.49 deg2) in 1000 hrs of integration
time, taking into account the full frequency coverage of this
instrument (0.35-14 GHz).
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